Abstract: There is a large interest in the impact of short-lived climate pollutants (SLCPs) for the Arctic climate but the performance of emission inventories that serve as input to climate models remains unknown especially in high latitudes. To assess emissions that are expected to have a more direct impact on the Arctic, a comparison of available SLCP emission inventories was conducted utilizing spatially-distributed global emission datasets downloaded from the ECCAD-GEIA website (http://eccad.sedoo.fr). In this paper, the comparison was done for black carbon emissions. Differences in both emissions and their locations were addressed.
INTRODUCTION
The Arctic climate is warming faster than the global average (Quinn et al., 2008) . Furthermore, Arctic sea ice cover has been decreasing as well. Alongside with carbon dioxide, the main contributors to climate change are so called short-lived climate pollutants (SLCPs), such as black carbon (BC) (Quinn et al., 2008; Koch et al., 2011; AMAP 2015) .
To assess the impact of SLCPs on the Arctic climate, climate modelling is needed. All climate models rely on global emission inventories for input data. The emission inventories have differences in emission amounts and their spatial distributions. The performance of the inventories especially in the Arctic region remains uncertain. While global SLCP emissions have an impact on the Arctic, pollutants emitted closer to the Arctic typically have higher impact per emitted mass. This highlights the importance of reliable spatial and temporal estimations of emission sources. For example, Stohl et al. (2013) demonstrated that the inclusion of flaring emissions in high northern latitudes together with daily varying emissions form residential combustion resulted in a better match between modelled and observed concentrations of black carbon in the Arctic.
One of the most important SLCPs in the Arctic is black carbon (BC). It is a solid particle formed in incomplete combustion (Bond et al., 2013) . It absorbs visible light efficiently, and thus warms the atmosphere. BC is especially important in the Arctic. It decreases the albedo of snow and ice on deposition, thus enhancing melting. According to the definition by Bond et al. (2013) , BC is also refractory, insoluble to water and common organic solvents, and formed in flames, making it distinguishable from carbonaceous compounds in the atmosphere. The lifetime of BC is about a week, main removal process being wet or dry deposition to the surface. Therefore, emission reductions of BC have a relatively quick effect on its atmospheric concentration.
Black carbon is a form of particulate matter (PM), which has well established adverse health effects with no safe exposure level (WHO, 2013) . BC seems to be a better indicator than undifferentiated PM mass of harmful PM species from combustion. Reductions of BC emissions should, therefore, also reduce health effects from PM (WHO, 2012).
To get an estimate of the quality of the inventories, the research questions of this study were: (1) what kind of differences are there in global emission inventories in the Arctic; and (2) how can the models be improved?
METHODS

Global Emission Inventories
The global BC emission inventories that were compared were downloaded from the ECCAD-GEIA website (http://eccad.sedoo.fr). The products were ECLIPSE GAINS version 4 (Klimont et al., 2015 in preparation) , ACCMIP (Lamarque et al., 2010) , and PEGASOS (Braspenning Radu, in preparation). Newer version of ECLIPSE, version 5 (Klimont et al., 2015 in preparation; Stohl et al., 2015) which is based on the previous version, was also included in the comparison. The models were compared at the global scale, in northern latitudes and regionally. Furthermore, the spatial distributions of the emissions were compared. Both sectoral and total emissions were studied. , which was converted to kiloton per year.
All inventories included following emission sectors: land transportation, energy production and distribution, waste treatment and disposal, industrial processes and combustion, residential and commercial combustion, agricultural waste burning and agricultural production. ACCMIP also included aviation and maritime transport sectors.
The BC emission of latitudes north of 60° were separated from the inventories and compared as totals and sector-by-sector. This was also done for five regions: USA, Canada, Russia, Nordic countries and other Europe. The spatial distributions of the emissions were inspected on a map to compare certain hot spots and to identify clear sectoral differences between the inventories.
Agreement Coefficient
To assess the spatial agreement of different inventories, agreement coefficient (AC) developed by Ji and Gallo (2006) was used. AC is symmetric, bounded and non-dimensional measure of agreement. Full definition can be found in Ji and Gallo (2006) , but in short , (1) where SSD is the sum of square difference , (2) and SPOD is the sum of potential difference , (3) where and are the means of datasets and . When , and have perfect agreement, and values less than or equal to zero indicate no agreement. Systematic and unsystematic agreements can be calculated separately. The unsystematic sum of product-difference is defined as ,
where and are gotten from geometric mean functional relationship (GMFR) model. Systematic sum of product difference can be calculated as
. (5) Finally, systematic and unsystematic agreement coefficients can be calculated by ,
and .
In practice, systematic difference is the difference that could be corrected from the other dataset by a linear model. Unsystematic difference represents random differences unrelated to the other dataset. AC was calculated between all datasets for BC emissions north of 60° latitude, for both total and sectoral emissions.
RESULTS
Emissions North of 60° Latitude
Total BC emissions in the inventories differ somewhat. Lowest global emissions are in ACCMIP, which are 75% of the highest emissions, from ECLIPSEv5 (5150 and 6860 kt/year, respectively). In the Arctic the differences are larger. Figure 1 shows the total and sectoral BC emissions for the inventories north of 60° latitude. Lowest emissions north of 60° latitude are in ACCMIP, which are only 27% of the emissions from ECLIPSEv4 (25.8 and 94.1 kt/year, respectively), which has the highest emissions. This is mostly explained by the better inclusion of flaring emissions in oil and gas extraction within the energy production and distribution sector. North of 60° latitude this mainly consists of activity in Timan-Pechora and YamaloNenets areas in Russia. Emissions north of 60° latitude comprise between 0.5% (ACCMIP) and 1.7% (ECLIPSEv4) of global BC emissions.
Sectors with the highest BC emissions north of 60° latitude vary between the inventories. For ECLIPSEv4 and 5 the sector with highest emissions is energy production and distribution, which comprises 83% of the total BC emissions. Next comes land transport and residential and commercial combustion, with 8% each. In PEGASOS land transport has the highest emissions, with residential and commercial combustion and industrial sectors close behind. For ACCMIP the highest sectors are the same, only residential and commercial combustion having highest emissions and land transport second highest. In all inventories the three most important emissions sectors make up 90.3-98.5% of the total BC emissions. Only ACCMIP included maritime transport emissions, and it comprises 5.3% of the total emissions.
The biggest differences between the inventories are in the energy production and distribution and industrial sectors. Both ECLIPSE versions have significantly higher emissions (about 300 times higher) than other inventories in the energy sector. ECLIPSE includes higher flaring emissions, which explains most of the difference. On the other hand, the ECLIPSE inventories have smaller industrial emissions than other inventories (up to eight times lower emissions). It seems that the others include some flaring in the industrial sector, but not to the same extent as ECLIPSE in the energy sector. Differences in the two other important emission sectors, land transport and residential and commercial combustion, are smaller between all inventories. Emissions between the highest and lowest estimate were 1.7-and 1.5-fold, respectively (between PEGASOS and ECLIPSEv5 in both cases). Regional emissions are presented in figure 2 . The region other Europe has the highest emissions in all inventories, with USA second and Russia third. Differences between the inventories are noticeable in all regions. The differences are also not systematic, although PEGASOS has the highest emissions in all regions but Russia. The largest differences in sectoral emissions are in the energy sector in Russia, mainly because of the flaring emissions which are included in both ECLIPSE versions but seem to be omitted in other inventories. In contrast, ECLIPSE has much lower industrial emissions in all regions. In the third most important emission sector, residential and commercial combustion, ECLIPSE has significantly lower emissions in Russia, but highest in other regions except USA. In general the sectoral emission differences are as with the total emissions, unsystematic within the regions and between the inventories. 
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Spatial Distribution of the Emissions
In general, PEGASOS and ACCMIP have similar spatial distributions for BC emissions. ECLIPSEv4 and 5 have bigger differences between them and the other datasets. PEGASOS has much higher values in cells with high population density. None of the models include Greenland's emissions. Sector-wise, the biggest differences are in two sectors. In energy production and distribution flaring seemed to be only included in the ECLIPSE inventories. In residential and commercial combustion the ECLIPSE inventories has clearly different spatial proxies compared to the other inventories, especially in the Nordic countries and Canada.
The agreement coefficients for emission distribution north of 60° latitude are presented in table 1. ECLIPSEv4 and 5 have, naturally, a high AC value of 0.998. ACCMIP and PEGASOS have an AC of 0.558. The ACs and ACu are 0.800 and 0.758, respectively, indicating that there was some similarity between the models, but systematic and unsystematic differences together brought the total AC down. The same can be seen between PEGASOS and ACCMIP. Between ECLIPSE versions and other models AC values are small, indicating poor spatial resemblance between the models.
Sectoral differences in the spatial distribution of the emissions vary markedly. ACCMIP and ECLIPSEv4 have a high value in land transportation sector, in which unsystematic difference made most of the disparity. In the energy and industrial sectors between these models, unsystematic difference was small, but systematic difference large enough to indicate no systematic similarity between the inventories. For the residential and commercial combustion sector the situation was the opposite, with unsystematic differences showing no similarity and systematic differences being small. Results between ECLIPSEv4 and PEGASOS are similar, except the land transportation sector has a small agreement coefficient. Between ACCMIP and PEGASOS the differences were smaller, but only the residential and commercial combustion sector showing pretty good agreement, with energy having relatively higher total agreement as well. ECLIPSE versions have nearly identical results when they are compared to other models.
The agreement coefficients show that there is large variation in the spatial distribution of the emissions between the inventories. Depending on the sector, the differences are systematic, unsystematic or both. Systematic difference might indicate that the emissions are higher in general in one model. Unsystematic difference might indicate different spatial proxies for the emissions. The largest unsystematic differences are in residential and commercial combustion sectors between ECLIPSE and other inventories. In some cases, high systematic differences are at least partly explained by the large number of zero values in one inventory in cells where the other inventory had emissions. 
DISCUSSION AND CONCLUSIONS
This study compared the black carbon (BC) emissions of global short-lived climate pollutant (SLCP) inventories in and close to the Arctic. The results show that there are significant differences both in sectoral and regional emissions in the different inventories, and the differences are larger in the Arctic than at the global scale. Differences within sectors were most likely because of different activity and emission factor data within the inventories. But the unsystematic nature of the differences indicated that this alone wasn't enough to explain the variation.
Only ECLIPSE seemed to include flaring in the energy sector at a large scale. Other inventories seemed to have some flaring in the industrial sector, but not to the same extent. The flaring emission estimates in ECLIPSE show the magnitude of the sector may have, and underlines the importance of the incorporation of the emissions into other inventories. International maritime transport was only included in ACCMIP inventory. While the emissions from shipping still comprise only a small portion of the total emissions, the Arctic shipping has been predicted to increase in the future as the Arctic ice extent shrinks. These emissions would also occur within the Arctic area, possibly enhancing their effect.
Regional BC emissions varied greatly especially within specific source sectors. The variation between the inventories and within regions was also unsystematic. This indicates that as different sectors need more attention, also the quality of regional emissions should be increased. One way to achieve this is to incorporate more data from national or regional emission inventories or models into the global inventories, provided their quality is sufficient. None of the emissions included emissions from Greenland. The emissions from Greenland are likely to be small, but would provide more comprehensive geographical coverage.
Black carbon accounts for 20-25% of the Arctic temperature change in this century (Quinn et al. 2008) , and Arctic Council countries account for 30% (AMAP 2015) . This study shows that the differences in the BC emissions between the inventories are globally 25% and north of 60° 70%. Combining these numbers indicate that the uncertainty effect on climate modelling might be notable. However, to quantify the effects to the modelling, sensitivity studies with the models are needed.
Seasonal variability of the emissions was not included in this study as they were not available in the ECCAD website for most models and sectors. It should be noted, however, that variation between seasons has a significant effect on the impacts of the emissions. For example, black carbon has a higher impact in the winter timer, when snow and ice covers are larger. Another notable aspect is that black carbon is released with co-emitted species. These pollutants, such as sulphur dioxide and organic carbon, also affect the climate and health. In comprehensive impact studies these pollutants need to be taken into account together with black carbon in order to get the overall effect of the emissions.
In future work we will include regional inventories in the comparison. We will take a closer look at the spatial proxies used in the inventories. Also the emissions from other SLCPs will be incorporated to the comparison. Known emission hot spots will be looked into more closely. As well as emissions and their spatial distribution, the activity and emissions factor values behind the calculations would help to build the complete picture of the differences between the inventories.
